We report a systematic study on wrinkling and CuO nanowires (NWs) growth in the thermal oxidation of copper foil. Copper foils with thickness of 0.5 mm were thermally oxidized in air at 500
I. INTRODUCTION
Cupric oxide (CuO) is a p-type semiconductor with a narrow band gap (1.2 eV) [1] . Nanowires (NWs) are one-dimensional nanocrystals with large aspect ratio and have shown unique properties that are tunable by varying size. So CuO NWs have been widely studied for their applications in various areas including superhydrophilicity materials [2] , gas and humidity sensors [3−6] , infrared photodetector [7] , and solar energy conversion [8, 9] . Based on these applications, several methods have been developed for synthesizing CuO NWs, such as wet chemical rout [10, 11] , electrochemical deposition [12] , direct resistive heating [13] , and thermal oxidation of Cu film or foil [4, 5, 14−17] . Among these methods, thermal oxidation of metals exhibits two major advantages: (i) it is technically simple, (ii) it has large-scale growth capability [16, 17] .
Although there are a lot of research reports [4, 5, 14−23] about the thermal oxidation growth of CuO NWs, the growth mechanism is still under debate [20, 23] . Both vapor-solid (VS) growth mechanism [14, 15] and Cu ions diffusion mechanism [9, 16−20] have been introduced to explain CuO NWs growth by thermal oxi-dation. However, the VS growth is not valid because the thermal oxidation temperature for CuO NWs growth is much lower than the melting points of Cu, Cu 2 O, and CuO [9, 16−20] . In the Cu ions diffusion mechanism, it is believed that there are two driving forces for the diffusion of Cu ions. One is the stress formed between the copper surface and copper oxide layers [16−18] . The other is the local electric field between the copper and oxide layers [9, 19] . NW growth mechanism is important to control the growth of oxide NW.
When the oxide expands during oxidation of metal and high-temperature alloys, wrinkles are formed in the lateral direction parallel to the metal surface due to stress [24−26] . As an example, Chen et al. observed wrinkling in the synthesis process of CuO NWs using thermal oxidation of Cu foils [18] . Wrinkles have a significant influence on NWs growth. However, there is a lack of the systematic research about the relationship between wrinkling and CuO NWs growth.
In this work, wrinkling and growth mechanism of CuO NWs in thermal oxidation of copper foil in air were systematically investigated. The driving forces for CuO NWs growth have been discussed.
II. EXPERIMENTS
CuO NWs were grown on copper foils by thermal oxidation in air. High-purity copper foil (99.99% purity), 0.5-mm thick, 10 mm×10 mm, was used as the starting material. Before growth, the native oxide layer and contaminants on Cu foil surface were removed by a piece of fine sandpaper. Then Cu foil was cleaned in a 0.1 mol/L aqueous HCl solution for ∼30 s, washed in ethanol under an ultrasonic bath for 5 min and thoroughly rinsed with distilled water. After being dried in air, Cu foil was placed in a box furnace (KSL-1100X). In all the experiments, thermal oxidation of Cu foil was carried out at a temperature of 500
• C for different durations, and the heating rate was maintained at 5
• C/min. After oxidation, the sample was cooled down to room temperature naturally. For simplicity, the samples with growth durations of 0.5, 2, 6, and 10 h were defined as S1, S2, S3, and S4, respectively.
Surface morphological properties of the samples were studied using a JSM-7500LV scanning electron microscope (SEM). The crystal structure and orientation were investigated by a MiniFlex II X-ray diffractometer (XRD) with monochromated Cu Kα irradiation (λ=1.5418Å). The morphology and crystal orientation of the NWs were analyzed by a JEM-2010 highresolution transmission electron microscope (TEM).
III. RESULTS AND DISCUSSION
A. Morphology and structure CuO NWs can grow on both the hilltop and sidehill of wrinkle as shown in Fig.1 (b)−(e). It should be noted that the growth direction of the NW on sidehill is not vertical to the substrate but vertical to its growth surface. The average diameter of the NWs on both hilltop and sidehill is about 110 nm and does not change obviously with the growth duration, which is because all the samples were grown at 500
• C and the NW diameter is determined by growth temperature [5, 18, 20] . For the NWs on sidehill, when the growth duration increases from 0.5 h to 10 h, the average length increases from about 1.5 µm to 11.0 µm, and the density increases from about 1.5/µm 2 to 6.0/µm 2 , respectively. As a contrast, for the NWs on hilltop, when the growth duration increases from 0.5 h to 2 h, the average length increases from about 0.5 µm to 1.0 µm, and the density increases from about 0.4/µm 2 to 0.6/µm 2 , respectively. However, the average length and density of the NWs on hilltop do not have an obvious change as the growth duration increases from 2 h to 10 h. As a result, the NWs lengths on hilltop are much shorter than those on sidehill, and the number of the NWs on hilltop is much fewer than that on sidehill. Figure 1 (f) presents the NWs on a flat region of S3 so that we can see clearly the difference of the NWs on the flat region and the wrinkle. The average diameter of the NWs on flat region is also about 110 nm, the average length is about 2.0 µm, and the density is about 1.5/µm 2 . Comparing Fig.1 (d) with (f), it is revealed that the length of the NWs on flat region is longer than that on hilltop of wrinkle, but shorter than that on sidehill. Correspondingly, the density of the NWs on flat region is denser than that on hilltop, but thinner than that on sidehill.
XRD patterns of the samples are shown in Fig.2 . Both CuO and Cu 2 O phases appear in the samples, indicating that Cu 2 O was formed when Cu foil was heated. As growth duration increases, the intensities of Cu 2 O diffraction peaks decline, but the intensities of CuO peaks enhance, exhibiting that the content of CuO increases with the increase of growth duration. Additionally, the diffraction peak (111) of CuO becomes stronger as the growth duration increases, which implies a preferred orientation of the CuO NWs during growth.
In order to find out the microstructure of the NWs, the NWs in S4 with growth duration of 10 h were investigated by TEM. Figure 3 a diameter of 132 nm and a smooth surface. Two highresolution TEM images in Fig.3 (b) and (c) were taken on the top and down sides of the NW in Fig.3(a) , respectively. It can be seen that each side of the NW is a single crystal with a distinct fringe space pattern. The interplanar spacings for each sides are estimated to be about 0.25 and 0.27 nm, respectively, corresponding to the (111) and (110) planes in monoclinic CuO. This result indicates the NW is a bicrystal structure. Figure 3 (d) presents a typical selected area electron pattern obtained from this single NW. The diffraction pattern can be identified as consisting of two sets of diffraction spots and indices are indicated, which further confirms the bicrystallinity of the NWs.
B. Discussion
When copper is oxidized in air, the first step is metal Cu changes to Cu 2 O, and the second step is Cu 2 O changes to CuO. The chemical reactions of these two steps are [8, 14, 15] ,
As a result, Cu 2 O layer is grown firstly, and then CuO layer is grown on the Cu 2 O layer. This can be confirmed from the XRD results in Fig.2 , both CuO and Cu 2 O phases appear in the XRD patterns. As indicated in Fig.4 , both Cu 2 O and CuO layers can be observed in the cross-sectional SEM image of S3. The thickness of CuO layer is thinner than that of Cu 2 O layer because Cu 2 O layer grows faster than CuO layer [16] . CuO NWs growth is based on a diffusion mechanism [1, 9, 16−20] . Cu ions diffuse from the bulk copper to the surface through Cu 2 O and CuO layers. On the other hand, oxygen ions diffuse in the opposite direction [1, 16, 20] . Therefore, as shown in Fig.4 , CuO NWs grow on CuO layer surface by the diffusion of Cu ions across grain boundaries and/or defects in Cu 2 O and CuO layers [20] as the growth temperature is below 500
• C. Moreover, CuO grains are served as the template for initiating the nucleation and growth of CuO NWs. The bicrystal structure of CuO NW, as confirmed by the TEM results in Fig.3 , is due to the surface faceting of CuO grains [16] . The driving force for the diffusion of Cu ion is the stress or the electric field force [9, 16−19] . As presented in Fig.1 (d) and (e), the NWs grown on sidehill are not vertical to the substrate because the driving force is not vertical to copper substrate but vertical to CuO layer surface.
The stress in the thermally grown oxide may cause cracks and wrinkles [26] . It was reported that when a metal or alloy is oxidized in air at a fixed high temperature, the wrinkling morphology will change from undulating to voiding, folding, and cracking [25] . Therefore, according to the previous wrinkling reports [24, 25] and the variation of wrinkling morphology in Fig.1 (b)−(e), a model of wrinkling and CuO NW growth was proposed and shown in Fig.5 . Wrinkling and CuO NW growth process can be divided into three stages: stage 1 (undulating), stage 2 (voiding), and stage 3 (cracking). S1 and S2 are at the stage 1, as presented in Fig.1 (b) and (c), the thicknesses of both Cu 2 O and CuO layers increase with the increase of growth duration. Correspondingly, the length of CuO NW increases, but the NWs on sidehill grow faster than those on hilltop. S3 is at the stage 2, as illustrated in Fig.5(b) , a void occurs in hilltop of wrinkle and enlarges with increasing growth duration, which inhibits the growth of the NWs on hilltop as confirmed by S3 and S4. As indicated by the arrow in Fig.1(e) and Fig.5(c) , S4 is at the stage 3. In this stage, the NWs on sidehill are still growing but wrinkle is cracking.
As a Cu foil is oxidized in air and under certain conditions, O 2− , Cu + , and Cu 2+ ions can be formed at air/CuO, CuO/Cu 2 O, and Cu 2 O/Cu interfaces, respectively. So we propose a simple local electric field distribution model in a wrinkle as shown in Fig.6 . In this model, we assume that negative charges with uniform surface density (−σ 1 ) distribute on air/CuO interface, and Cu 2 O/Cu interface has positive charges with surface density (σ 2 ). The width and hight of wrinkle are d 0 and d 1 , respectively. Then the electric field strength (E) in sidehill and hilltop of wrinkle can be calculated. As presented in Fig.6 , P 1 and P 2 are two points near the surface, P 3 and P 4 are two points in the middle part of wrinkle. We suppose d 0 =5.4 µm, d 1 =1.8 µm, σ 1 =σ 2 , and this wrinkle is at the undulating stage. The distances of P 1 and P 2 away from surface are about 300 nm. Calculation results (the detail calculating pro- cess can be seen in Supplementary material) indicate E at P 2 is 1.16 times of that at P 1 , and E at P 3 is 1.10 times of that at P 3 , which implies that the difference of local electric field strengths in hilltop and sidehill is small. However, the NW on hilltop is much shorter and thinner than that on sidehill as shown in Fig.1 (b) and (c). Therefore, the main driving force for the diffusion of Cu ion during CuO NWs growth is internal stress formed between the copper surface and copper oxide layers.
IV. CONCLUSION
Copper foils were thermally oxidized in air at 500
• C for 0.5−10 h. Wrinkles are observed in all the samples and the size of wrinkles increases with the growth duration. CuO NWs can grow on both sidehill and hilltop of the wrinkle. The NWs on sidehill are longer and denser than those on hilltop. Additionally, the NW on sidehill is not vertical to the substrate but vertical to its growth surface. The process of wrinkling and CuO NWs growth can be divided into three stages: undulating, voiding, and cracking. The NWs on sidehill grow with the increase of growth duration at all three stages. But the NWs on the hilltop stop growing at the latter two stages because of the void in hilltop. The predominant driving force for the diffusion of Cu ion during CuO NWs growth is internal stress because the difference of local electric field strengths between in hilltop 
